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We explore the effects of strangeness and ∆ resonance in baryonic matter and compact stars within
the relativistic-mean-field (RMF) models. The covariant density functional PKDD is adopted for
N -N interaction, parameters fixed based on finite hypernuclei and neutron stars are taken for the
hyperon-meson couplings, and the universal baryon-meson coupling scheme is adopted for the ∆-
meson couplings. In light of the recent observations of GW170817 with the dimensionless combined
tidal deformability 197 ≤ Λ¯ ≤ 720, we find it is essential to include the ∆ resonances in compact
stars, and small ∆-ρ coupling gρ∆ is favored if the mass 2.27
+0.17
−0.15 M of PSR J2215+5135 is
confirmed.
PACS numbers: 21.80.+a, 26.60.Kp, 97.60.Jd
I. INTRODUCTION
The recent observation of gravitational waves from the
binary neutron star merger event GW170817 suggests
that the merging objects are compact [1, 2]. Assum-
ing low spin priors, the dimensionless combined tidal de-
formability Λ¯ is considered to be less than 720 at 90%
confidence level [3], while a lower limit with Λ¯ ≥ 197
is obtained based on electromagnetic observations of the
transient counterpart AT2017gfo [4]. Even though the
observations of neutron stars’ radii are controversial and
depend on specific assumptions, the recent measurements
seem to be converging and lie at the lower end of 10-14 km
range [2, 5–10]. The combined constraints on the tidal
deformability and radii of neutron stars indicate a soft
equation of states (EoS), where many covariant density
functionals are in jeopardy [11, 12]. A possible solution to
this problem is to introduce new degrees of freedom, e.g.,
∆ resonances, hyperons, and deconfined quarks [13]. As
one increases the density of nuclear matter, the inevitable
emergence of ∆ isobars, hyperons, and quarks can soften
the EoSs significantly and reduce the radius and tidal
deformability of the corresponding compact stars, which
can be consistent with these recent observations.
However, a soft EoS will result in compact stars with
too small masses that can not reach two solar mass as ob-
served in pulsars PSR J1614-2230 (1.928±0.017 M) [14,
15] and PSR J0348+0432 (2.01± 0.04 M) [16], i.e., the
Hyperon Puzzle [17] or ∆ Puzzle [18]. Extensive efforts
were made to resolve the Hyperon Puzzle [19–37] and
∆ Puzzle [38–41]. Nevertheless, with the constrained
observable tidal deformability of GW170817 [1, 3, 4],
those solutions may be challenged, especially for the
latest observation of a more massive PSR J2215+5135
(2.27+0.17−0.15 M) [42].
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To satisfy these stringent observational constraints, we
consider the possible existence of both ∆ isobars and
hyperons in neutron stars. Since relativistic-mean-field
(RMF) models [43–50] have been successfully adopted to
describe finite (hyper)nuclei [51–61] and baryonic mat-
ter [62–69], in this work the EoSs of baryonic matter
are obtained based on RMF model. More specifically,
we adopt the covariant density functional PKDD [70],
while the hyperon-meson couplings are fixed based on
our previous investigations on hypernuclei and neutron
stars [37, 61, 71]. For the ∆-meson couplings, as in
Ref. [18], we adopt the universal baryon-meson coupling
scheme, while a vanishing ∆-ρ coupling is considered as
well. It is found that the observational tidal deformabil-
ity and mass of PSR J2215+5135 can be reproduced only
by including ∆ isobars in neutron stars.
The paper is organized as follows. In Sec. II, we present
the formalism of RMF model for baryonic matter, the
choices of baryon-meson couplings, the conditions for ob-
taining the EoSs of neutron star matter, and the formal-
ism to determine the structures of compact stars. Results
and discussions are given in Sec. III. We make a summary
in Sec. IV.
II. THEORETICAL FRAMEWORK
The Lagrangian density of RMF models is given as
L =
∑
b
ψ¯b [iγ
µ∂µ −mb − gσbσ − gωbγµωµ
−gρbγµτb · ρµ − γµAµqb]ψb + 1
2
∂µσ∂
µσ
− 1
2
m2σσ
2 − 1
4
ωµνω
µν +
1
2
m2ωωµω
µ
− 1
4
ρµν · ρµν + 1
2
m2ρρµ · ρµ −
1
4
AµνA
µν
+
∑
l=e,µ
ψ¯l [iγ
µ∂µ −ml + eγµAµ]ψl, (1)
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2with the field tensors
ωµν = ∂µων − ∂νωµ,
ρµν = ∂µρν − ∂νρµ, (2)
Aµν = ∂µAν − ∂νAµ.
The included baryons here are nucleons, hyperons (Λ0,
Σ+,0,−, and Ξ0,−), and ∆ resonance. To describe the
baryon-baryon interactions, the isoscalar-scalar channel
(σ), isoscalar-vector channel (ω) and isovector-vector
channel (ρ) are considered.
Based on the Typel-Wolter ansatz [57], the density de-
pendence of coupling constants gξb (ξ = σ, ω) are ob-
tained with
gξb(n) = gξb(n0)aξ
1 + bξ(n/n0 + dξ)
2
1 + cξ(n/n0 + eξ)2
, (3)
where n is the density of nuclear matter with n0 being
the saturation density. Note that a different formula is
adopted for the ρ meson, i.e.,
gρb(n) = gρb(n0) exp [−aρ(n/n0 − 1)]. (4)
For a system with time-reversal symmetry, the space-
like components of the vector fields ωµ and ρµ vanish,
leaving only the time components ω0 and ρ0. Mean-
while, the charge conservation guarantees that only the
3rd component in the isospin space of ρ0 survives. In the
mean-field and no-sea approximations, the single particle
(s.p.) Dirac equations for baryons and the Klein-Gordon
equations for mesons and photon can be obtained from
the variational procedure.
For the N -N interactions, we adopt the covariant den-
sity functional PKDD [70], which gives the saturation
density n0 = 0.149552 fm
−3, saturation energy E0 =
−16.267 MeV, incompressibility K = 262.181 MeV and
symmetry energy Esym = 36.790 MeV.
Beside nucleons, we also consider the effects of
strangeness and ∆ resonance, i.e., Λ, Ξ, Σ, and ∆
baryons. For the Λ-ω coupling, according to our pre-
vious investigations [37], the mass of PSR J0348+0432
can only be attained with large values of gωΛ at fixed Λ
potential well depth (VΛ = −29.786 MeV) in symmetric
nuclear matter (np = nn = n0/2). Thus, in this work
we suppose gωΛ = gωN , which gives gσΛ = 0.878gσN .
Similarly, we fix the Ξ-meson and Σ-meson couplings
with gωΞ = gωΣ = gωN , gσΞ = 0.844gσN , and gσΣ =
0.878gσN , which corresponds to the potential well depths
VΞ = −16.276 MeV and VΣ = −29.957 MeV [71]. Note
that there are some ambiguity on the potential well depth
VΣ, where the (pi
−,K+) reactions on medium-to-heavy
nuclei indicates a repulsive potential [72–75] while the
observation of a 4ΣHe bound state in the (K
−, pi−) reac-
tion favors an attractive potential [76]. For the hyperon-
ρ couplings, we take gρΛ = 0 and gρΞ = gρΣ = gρN
according to their isospin characters [61, 71]. In prin-
ciple, in consideration of the hyperon-hyperon interac-
tions such as the weakly attractive Λ-Λ interaction, the
exchange of σ∗ and φ mesons between hyperons should
also be taken into account. However, according to the
recipe of various baryon-meson couplings inspired by the
symmetries of the baryon octet [19, 21, 77, 78], taking
gωΛ = gωΞ = gωΣ = gωN and gφN = 0 indicates vanish-
ing hyperon-φ couplings. In such cases, the contributions
from σ∗ and φ mesons are neglected in our Lagrange den-
sity (1).
For the ∆-ω and ∆-σ couplings, they are often chosen
to be close to theN -ω andN -σ couplings, i.e., gω∆ ≈ gωN
and gσ∆ ≈ gσN [18, 38, 40, 79, 80], which can be at-
tributed to the similar potential depths of ∆s and nucle-
ons in nuclear medium according to the data analyses
of photoabsorption, electron-nucleus, and pion-nucleus
scattering [18]. Slight deviations from those values were
also explored in Ref. [81]. However, little is known for
the ∆-ρ coupling, while the linear dependence of the on-
set density ncrit∆− with gρ∆ was reported in Refs. [39, 40].
Therefore, in this work we adopt the universal baryon-
meson coupling scheme with gω∆ = gωN , gσ∆ = gσN ,
and gρ∆ = gρN . To see the possibility of smaller gρ∆,
we also study the cases with gρ∆ = 0. Since the ∆
baryons have a Breit-Wigner mass distribution around
the centroid mass 1232 MeV with a width of about 120
MeV, the variation of m∆ has sizable effects on bary-
onic matter and structures of compact stars [39]. In this
work, we adopt various ∆ masses with m∆ = 1112 MeV,
1232 MeV, and 1352 MeV.
TABLE I. Strangeness number S, mass M , third component
of isospin τ3, total angular momentum and parity J
P , charge
q, and coupling constants αξ = gξb/gξN (ξ = σ, ω, and ρ) for
Λ0, Ξ0,−, and Σ+,0,− hyperons and ∆ baryons.
S M (MeV) τ3 J
p q (e) ασ αω αρ
Λ0 −1 1115.6 0 (1/2)+ 0 0.878 1 0
Ξ0 −2 1314.9 +1 (1/2)+ 0 0.844 1 1
Ξ− −2 1321.3 −1 (1/2)+ −1 0.844 1 1
Σ+ −1 1189.4 +1 (1/2)+ +1 0.878 1 1
Σ0 −1 1192.5 0 (1/2)+ 0 0.878 1 1
Σ− −1 1197.4 −1 (1/2)+ −1 0.878 1 1
∆++ 0 1232± 120 +3 (3/2)+ +2 1 1 0, 1
∆+ 0 1232± 120 +1 (3/2)+ +1 1 1 0, 1
∆0 0 1232± 120 0 (3/2)+ 0 1 1 0, 1
∆− 0 1232± 120 −3 (3/2)+ −1 1 1 0, 1
In Table I, we list properties and coupling constants
for baryons other than nucleons in Eq. (1). Meanwhile,
it is worth mentioning that the covariant density func-
tional PKDD adopted here is phenomenological, where
the nucleon-meson coupling constants are fixed accord-
ing to the masses of spherical nuclei, the incompressibil-
ity, saturation density, and symmetry energy of nuclear
matter [70]. In light of the recent developments of mi-
croscopic many-body calculations in describing finite nu-
clei and nuclear matter starting from realistic nucleon-
nucleon interactions [82–88], a more refined adjustment
of parameters incorporating those results are necessary.
A possible way to reach this in RMF model is to intro-
3duce density-dependent coupling constants derived from
self-energies of Dirac-Brueckner calculations of nuclear
matter [57, 89], which are found decreasing with density
and can be reproduced with Eqs. (3) and (4).
Based on the Lagrangian density in Eq. (1), the meson
fields are obtained by solving
m2σσ = −
∑
b
gσbn
s
b,
m2ωω0 =
∑
b
gωbnb, (5)
m2ρρ0,3 =
∑
b
gρbτb,3nb,
with the number density nb = 〈ψ¯bγ0ψb〉 and scalar den-
sity nsb = 〈ψ¯bψb〉 of baryon type b, which are given in
Eqs. (8) and (9). Here we take σ, ω0 and ρ0,3 as their
mean values.
At zero temperature, with no sea approximation, the
energy density can be determined by
E =
∑
i=b,l
εi(νi,m
∗
i ) +
∑
ξ=σ,ω,ρ
1
2
m2ξξ
2, (6)
in which the kinetic energy density of fermion i is
εi(νi,mi) =
∫ νi
0
fip
2
2pi2
√
p2 +m2idp (7)
=
fim
4
i
16pi2
[
xi(2x
2
i + 1)
√
x2i + 1− arcsh(xi)
]
.
Here we have defined xi ≡ νi/mi with νi being the Fermi
momentum and fi = 2Ji + 1 the degeneracy factor of
particle type i. Note that in Eq. (6), the baryon effective
mass is defined as m∗b ≡ mb + gσbσ, while the mass of
leptons remain constants with m∗l ≡ ml. The source
currents of fermion i are given by
ni = 〈ψ¯iγ0ψi〉 = fiν
3
i
6pi2
, (8)
nsi = 〈ψ¯iψi〉 =
fim
3
i
4pi2
[
xi
√
x2i + 1− arcsh(xi)
]
. (9)
The chemical potentials for baryons µb and leptons µl
are
µb = gωbω0 + gρbτb,3ρ0,3 + Σ
R
b +
√
ν2b +m
∗
b
2, (10)
µl =
√
ν2l +m
2
l , (11)
with the “rearrangement” term
ΣRb =∑
b
(
dgσb
dn
σnsb +
dgωb
dn
ω0nb +
dgρb
dn
ρ0,3τb,3nb
)
.(12)
Then the pressure is expressed by
P =
∑
i
µini − E. (13)
For neutron star matter, it should fulfill the charge
neutrality condition ∑
i
qini = 0, (14)
with qi being the charge of particle type i. To reach the
lowest energy, particles will undergo weak reactions until
the β-equilibrium condition is satisfied, i.e.,
µb = µn − qbµe, µµ = µe. (15)
The EoS of neutron star matter can be obtained from
Eqs. (6) and (13), which is the input of the Tolman-
Oppenheimer-Volkov (TOV) equation
dP
dr
= −GME
r2
(1 + P/E)(1 + 4pir3P/M)
1− 2GM/r . (16)
By solving the TOV equation with the subsidiary condi-
tion
dM(r)
dr
= 4piEr2, (17)
we get the relation of mass M and radius R of a neu-
tron star. Here, the gravity constant G = 6.707 ×
10−45 MeV−2. The tidal deformability of a compact star
is extracted from
Λ =
2k2
3
(
R
GM
)5
, (18)
where k2 is the second Love number and can be fixed
simultaneously with the structures of compact stars [90–
92].
III. RESULTS AND DISCUSSIONS
At given total baryon number density n, the proper-
ties of neutron star matter can be obtained by fulfill-
ing the conditions of baryon number conservation with
n =
∑
b
nb, charge neutrality in Eq. (14), and chemi-
cal equilibrium in Eq. (15) simultaneously. Similar to
Ref. [18], by varying the parameter aρ in Eq. (4), we ex-
amine the dependence of onset densities of ∆s and hyper-
ons ncritb on the symmetry energy slope L, which is fixed
by fulfilling µb|νb=0 = µn−qbµe. A linear dependence of
L (in MeV) on aρ is obtained, i.e., L = 110.3− 109.5aρ.
The variation of ncritΛ0 , n
crit
Σ− , and n
crit
∆− are presented in
Fig. 1, while the onset densities for other ∆s and hy-
perons are much larger. For β-stable nuclear matter, the
values of µe and ρ0,3 are increasing with L. Consequently,
the obtained ncritΛ0 and n
crit
Σ− are decreasing with L while
ncrit∆− is increasing, which are consistent with the trends
in [18, Fig. 1]. If we take gρ∆ = 0, the obtained n
crit
∆− for
m∆ = 1232 MeV and 1352 MeV are decreasing with L
since the contribution of ρ0,3 becomes irrelevant. Mean-
while, for the cases with m∆ = 1112 MeV, n
crit
∆− is even
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FIG. 1. (Color online) The onset densities of hyperons and
∆s in β-stable nuclear matter as functions of the symmetry
energy slope L. The black (m∆ = 1112 MeV), red (m∆ =
1232 MeV), and blue (m∆ = 1352 MeV) curves correspond
to the onset densities of ∆−, where the solid ones and dashed
ones are obtained with gρ∆ = 0 and gρN , respectively.
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FIG. 2. (Color online) Particle number densities for baryons
and leptons in neutron star matter as functions of the total
baryon number density n without ∆ resonances.
smaller than the saturation density. Since µe is decreas-
ing with L at subsaturation densities, the corresponding
ncrit∆− (black solid curve) increases with L. Finally, it is
worth mentioning that the variation of ncrit∆− with respect
to L is insignificant comparing with m∆ due to its rela-
tively larger uncertainty.
The particle number density for each species is deter-
mined by Eq. (8), where the corresponding values are
presented as functions of the total baryon number density
n in Figs. 2 and 3. By including Λ0 in nuclear matter,
as indicated by the dashed curves in Fig. 2, the den-
sities of protons and neutrons are slightly reduced on
the emergence of Λ0. If we also include other hyperons
such as Ξ0,− and Σ+,0,− (dash-dotted curves), since sim-
ilar potential well depths are adopted for Λ’s and Σ’s,
the Σ− firstly appears at n = 0.27 fm−3 due to the
negative charge it carries. In such cases, the number
densities of leptons decrease while those of protons in-
crease. Meanwhile, the onset density of Λ0 is increased
from n = 0.39 fm−3 to 0.46 fm−3 due to the inclusion
of the negatively charged Σ−. Since Ξ0,− possess the
largest masses, their onset densities are much larger with
ncritΞ− = 1.2 fm
−3 and ncritΞ0 > n
crit
Ξ− , which exceed the den-
sity limit of Fig. 2.
The effects of ∆ resonances are also studied and the
results are shown in Fig. 3. To consider the Breit-Wigner
mass distribution of the ∆ baryons and the possible in-
medium mass shift [39], three masses m∆ = 1112 MeV,
1232 MeV and 1352 MeV are adopted in our calculation.
Note that the nucleon effective mass m∗N ≡ mN + gσNσ
may become negative at higher densities. This is out of
the scope of our current study and we do not consider
such cases. Thus, when we adopt m∆ = 1112 MeV, 1232
MeV and gρ∆ = gρN , in Fig. 3 we do not present the
results with m∗N < 0 at the higher densities. For all ∆
baryons, the negatively charged ∆− appears firstly as we
increase the density. The onset density of ∆− is found to
increase both with m∆ and gρ∆, which is consistent with
previous findings [39, 40]. For massive ∆s (m∆ = 1352
MeV), the effects of ∆ resonance are insignificant and
only ∆− appears. In the comparison with hyperons, the
massive ∆− appears at larger densities than Σ−, where
the densities of hyperons are similar as the cases in Fig. 2.
If we adopt smaller values of m∆ and gρ∆, the effects of
∆ resonances become important, where ∆−, ∆0, ∆+,
and ∆++ appear sequentially as increasing the density.
Consequently, hyperons are hindered and appear only at
larger densities. In the extreme case of m∆ = 1112 MeV
and gρ∆ = 0, the only left hyperon is Λ
0, which ap-
pears at a much larger density ncritΛ0 = 0.74 fm
−3. Note
that a first-order phase transition from nuclear matter to
∆ matter takes place in the density range n = 0.083 -
0.17 fm−3, where we have shown the corresponding den-
sities in the lower left panel of Fig. 3.
Based on the number density of each species, the en-
ergy density E and pressure P of neutron star matter
can be obtained from Eqs. (6) and (13). In Fig. 4 we
present the energy per baryon of neutron star matter as
a function of the baryon number density. As expected,
the EoS becomes soft once we include new degrees of
freedom. For hyperonic matter (dash-dotted curve), if
we consider ∆ resonances and adopt the largest mass,
i.e., m∆ = 1352 MeV, the EoS is modified slightly at
high density regions since only ∆− appears at insignif-
icant densities n∆− . Moreover, adopting smaller values
of m∆ and gρ∆ would result in softer EoSs, where in the
extreme case of m∆ = 1112 MeV and gρ∆ = 0, a softest
EoS is obtained for neutron star matter.
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FIG. 3. (Color online) Same as Fig. 2 but including ∆ resonances with m∆ = 1112 MeV, 1232 MeV, and 1352 MeV.
Based on the EoSs displayed in Fig. 4, the structure
of a neutron star can be determined by solving the TOV
equation in Eq. (16). For neutron star matter at sub-
saturation densities (n ≤ 0.08 fm−3), we adopt the EoS
presented in Refs. [93–95], where the properties of crys-
talized matter that forms the neutron star crust can be
well described. In Fig. 5 we show the masses of com-
pact stars as functions of radius (Left panel) and central
baryon number density (Right panel), where the possible
existence of hyperons and ∆ resonances are considered.
The obtained results are compared with the observational
masses of PSR J0348+0432 (2.01 ± 0.04 M) [16] and
PSR J2215+5135 (2.27+0.17−0.15 M) [42]. As we include
more degrees of freedom, the maximum mass and radii
of compact stars become smaller. For compact stars in-
cluding ∆ resonances, if we adopt m∆ = 1112 MeV and
gρ∆ = gρN , the maximum mass does not reach the lower
limit of PSR J2215+5135. This can be fixed by using
smaller values of ρ-∆ couplings, e.g., gρ∆ = 0. Due to
the occurrence of a first-order phase transition at small
densities (n = 0.083-0.17 fm−3), a smallest radius with
R = 11.3 km for 1.4 M compact star is obtained, which
is consistent with the recent measurements of neutron
star radii [2, 5–9].
Another important constraint is the tidal deformabil-
ity of the compact stars, which can be obtained based on
Eq. (18). In Fig. 6 we present the tidal deformabilities of
compact stars corresponding to those in Fig. 5. The ob-
servation of binary neutron star merger event GW170817
have set the dimensionless combined tidal deformability
197 ≤ Λ¯ ≤ 720 [3, 4], which is a mass-weighted linear
combination of tidal deformabilities [96]
Λ¯ =
16
13
(m1 + 12m2)m
4
1Λ1 + (m2 + 12m1)m
4
2Λ2
(m1 +m2)5
. (19)
Since Λ¯ is insensitive to the mass ratio m2/m1 [97],
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FIG. 4. (Color online) The energy per baryon of neutron star
matter as functions of the baryon number density n. The
solid and open symbols are results obtained with gρ∆ = gρN
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following figures.
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FIG. 5. (Color online) The obtained mass-radius rela-
tions of compact stars including the possible existence of
hyperons and ∆ resonances. The masses of pulsars PSR
J0348+0432 (2.01 ± 0.04 M) [16] and PSR J2215+5135
(2.27+0.17−0.15 M) [42] are indicated with horizonal bands.
combined with the best measured chirp mass M =
(m1m2)
3/5(m1 +m2)
−1/5 = 1.186 ± 0.001M [3], in
Fig. 6 we show the corresponding constraint on the tidal
deformability Λ = Λ1 = Λ2 atm1 = m2 = 1.362M. It is
found that the observational tidal deformability has put a
strong constraint on the compositions of compact stars,
so that the ∆ resonances have to be included. Mean-
while, as discussed before, a small enough ∆-ρ coupling
gρ∆ should also be adopted for compact stars to reach
the mass of PSR J2215+5135.
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FIG. 6. (Color online) The tidal deformabilities of compact
stars as functions of their masses. The recent constraint ob-
tained with the binary neutron star merger event GW170817
is indicated with the black solid box [1, 3, 4].
IV. CONCLUSION
We explore the possible existence of hyperons and ∆
resonances in compact stars. The properties of bary-
onic matter is obtained based on the RMF models. For
the N -N interactions, we adopt the covariant density
functional PKDD [70], while the hyperon-meson cou-
plings are fixed based on our previous investigations
on hypernuclei and neutron stars [37, 71]. For the ∆-
meson couplings, we adopt the universal baryon-meson
coupling scheme. Meanwhile, to consider the possibil-
ity of smaller gρ∆ and mass variations, we also study
the cases with gρ∆ = 0 and various ∆ masses with
m∆ = 1112 MeV, 1232 MeV, and 1352 MeV. The EoSs of
neutron star matter become softer once we include new
degrees of freedom. By solving the TOV equation with
these EoSs, we obtained the masses, radii, and tidal de-
formabilities of the corresponding compact stars. Com-
paring with the dimensionless combined tidal deforma-
bility 197 ≤ Λ¯ ≤ 720 constrained according to the recent
observations of GW170817 [3, 4], we find it is essential to
include the ∆ resonances in compact stars, and the ∆-ρ
coupling gρ∆ should be small enough if the mass of PSR
J2215+5135 (2.27+0.17−0.15 M) [42] is confirmed.
ACKNOWLEDGMENTS
This work was supported by National Natural Science
Foundation of China (Grant Nos. 11375022, 11475110,
11525524, 11505157, 11575190, 11705163, 11775014,
11711540016, and 11621131001), and the Physics Re-
search and Development Program of Zhengzhou Univer-
sity (Grant No. 32410017). The computation for this
7work was supported by the HPC Cluster of SKLTP/ITP- CAS and the Supercomputing Center, CNIC, of the CAS.
[1] LIGO Scientific Collaboration and Virgo Collaboration,
Phys. Rev. Lett. 119, 161101 (2017).
[2] LIGO Scientific and Virgo Collaborations, Phys. Rev.
Lett. 121, 161101 (2018).
[3] The LIGO Scientific Collaboration and the Virgo Collab-
oration, arXiv: 1805.11579 (2018).
[4] M. W. Coughlin, T. Dietrich, Z. Doctor, D. Kasen,
S. Coughlin, A. Jerkstrand, G. Leloudas, O. McBrien,
B. D. Metzger, R. O’Shaughnessy, and S. J. Smartt,
arXiv: 1805.09371 (2018).
[5] S. Guillot, M. Servillat, N. A. Webb, and R. E. Rutledge,
Astrophys. J. 772, 7 (2013).
[6] J. Lattimer and A. Steiner, Eur. Phys. J. A 50, 40 (2014).
[7] F. O¨zel and P. Freire, Annu. Rev. Astron. Astrophys. 54,
401 (2016).
[8] Z.-S. Li, Z.-J. Qu, L. Chen, Y.-J. Guo, J.-L. Qu, and
R.-X. Xu, Astrophys. J. 798, 56 (2015).
[9] A. W. Steiner, C. O. Heinke, S. Bogdanov, C. K. Li,
W. C. G. Ho, A. Bahramian, and S. Han, Mon. Not. R.
Astron. Soc. 476, 421 (2018).
[10] E. R. Most, L. R. Weih, L. Rezzolla, and J. Schaffner-
Bielich, Phys. Rev. Lett. 120, 261103 (2018).
[11] Z.-Y. Zhu, E.-P. Zhou, and A. Li, Astrophys. J. 862, 98
(2018).
[12] T. Malik, N. Alam, M. Fortin, C. Provideˆncia, B. K.
Agrawal, T. K. Jha, B. Kumar, and S. K. Patra, Phys.
Rev. C 98, 035804 (2018).
[13] R. Gomes, P. Char, and S. Schramm, arXiv:
1806.04763 (2018).
[14] P. B. Demorest, T. Pennucci, S. M. Ransom, M. S. E.
Roberts, and J. W. T. Hessels, Nature 467, 1081 (2010).
[15] E. Fonseca, T. T. Pennucci, J. A. Ellis, I. H. Stairs, D. J.
Nice, S. M. Ransom, P. B. Demorest, Z. Arzoumanian,
K. Crowter, T. Dolch, R. D. Ferdman, M. E. Gonza-
lez, G. Jones, M. L. Jones, M. T. Lam, L. Levin, M. A.
McLaughlin, K. Stovall, J. K. Swiggum, and W. Zhu,
Astrophys. J. 832, 167 (2016).
[16] J. Antoniadis, P. C. C. Freire, N. Wex, T. M. Tauris, R. S.
Lynch, M. H. van Kerkwijk, M. Kramer, C. Bassa, V. S.
Dhillon, T. Driebe, J. W. T. Hessels, V. M. Kaspi, V. I.
Kondratiev, N. Langer, T. R. Marsh, M. A. McLaugh-
lin, T. T. Pennucci, S. M. Ransom, I. H. Stairs, J. van
Leeuwen, J. P. W. Verbiest, and D. G. Whelan, Science
340, 1233232 (2013).
[17] I. Vidan˜a, AIP Conf. Proc. 1645, 79 (2015).
[18] A. Drago, A. Lavagno, G. Pagliara, and D. Pigato, Phys.
Rev. C 90, 065809 (2014).
[19] S. Weissenborn, D. Chatterjee, and J. Schaffner-Bielich,
Phys. Rev. C 85, 065802 (2012).
[20] Bednarek, I., Haensel, P., Zdunik, J. L., Bejger, M., and
Man´ka, R., Astron. Astrophys. 543, A157 (2012).
[21] M. Oertel, C. Provideˆncia, F. Gulminelli, and A. R.
Raduta, J. Phys. G: Nucl. Part. Phys. 42, 075202 (2015).
[22] K. Maslov, E. Kolomeitsev, and D. Voskresensky, Phys.
Lett. B 748, 369 (2015).
[23] K. Maslov, E. Kolomeitsev, and D. Voskresensky, Nucl.
Phys. A 950, 64 (2016).
[24] T. Takatsuka, S. Nishizaki, and Y. Yamamoto, Eur.
Phys. J. A 13, 213 (2002).
[25] I. Vidan˜a, D. Logoteta, C. Provideˆncia, A. Polls, and
I. Bombaci, Europhys. Lett. 94, 11002 (2011).
[26] Y. Yamamoto, T. Furumoto, N. Yasutake, and T. A.
Rijken, Phys. Rev. C 88, 022801 (2013).
[27] D. Lonardoni, A. Lovato, S. Gandolfi, and F. Pederiva,
Phys. Rev. Lett. 114, 092301 (2015).
[28] H. Togashi, E. Hiyama, Y. Yamamoto, and M. Takano,
Phys. Rev. C 93, 035808 (2016).
[29] S. Weissenborn, I. Sagert, G. Pagliara, M. Hempel, and
J. Schaffner-Bielich, Astrophys. J. 740, L14 (2011).
[30] T. Kla¨hn, R.  Lastowiecki, and D. Blaschke, Phys. Rev.
D 88, 085001 (2013).
[31] T. Zhao, S.-S. Xu, Y. Yan, X.-L. Luo, X.-J. Liu, and
H.-S. Zong, Phys. Rev. D 92, 054012 (2015).
[32] T. Kojo, P. D. Powell, Y. Song, and G. Baym, Phys.
Rev. D 91, 045003 (2015).
[33] K. Masuda, T. Hatsuda, and T. Takatsuka, Eur. Phys.
J. A 52, 65 (2016).
[34] A. Li, W. Zuo, and G. X. Peng, Phys. Rev. C 91, 035803
(2015).
[35] D. L. Whittenbury, H. H. Matevosyan, and A. W.
Thomas, Phys. Rev. C 93, 035807 (2016).
[36] K. Fukushima and T. Kojo, Astrophys. J. 817, 180
(2016).
[37] T.-T. Sun, C.-J. Xia, S.-S. Zhang, and M. S. Smith,
Chin. Phys. C 42, 025101 (2018).
[38] A. Drago, A. Lavagno, and G. Pagliara, Phys. Rev. D
89, 043014 (2014).
[39] B.-J. Cai, F. J. Fattoyev, B.-A. Li, and W. G. Newton,
Phys. Rev. C 92, 015802 (2015).
[40] Z.-Y. Zhu, A. Li, J.-N. Hu, and H. Sagawa, Phys. Rev.
C 94, 045803 (2016).
[41] Z. Bai, H. Chen, and Y.-x. Liu, Phys. Rev. D 97, 023018
(2018).
[42] M. Linares, T. Shahbaz, and J. Casares, Astrophys. J.
859, 54 (2018).
[43] R. Brockmann and W. Weise, Phys. Lett. B 69, 167
(1977).
[44] J. Boguta and S. Bohrmann, Phys. Lett. B 102, 93
(1981).
[45] J. Maresˇ and J. Zˇofka, Z. Phys. A 333, 209 (1989).
[46] J. Maresˇ and B. K. Jennings, Phys. Rev. C 49, 2472
(1994).
[47] Y. Sugahara and H. Toki, Prog. Theor. Phys. 92, 803
(1994).
[48] C. Y. Song, J. M. Yao, H. F. LV, and J. Meng, Int. J.
Mod. Phys. E 19, 2538 (2010).
[49] Y. Tanimura and K. Hagino, Phys. Rev. C 85, 014306
(2012).
[50] X.-S. Wang, H.-Y. Sang, J.-H. Wang, and H.-F. Lv,
Commun. Theor. Phys. 60, 479 (2013).
[51] P.-G. Reinhard, Rep. Prog. Phys. 52, 439 (1989).
[52] P. Ring, Prog. Part. Nucl. Phys. 37, 193 (1996).
[53] J. Meng, H. Toki, S. Zhou, S. Zhang, W. Long, and
L. Geng, Prog. Part. Nucl. Phys. 57, 470 (2006).
8[54] N. Paar, D. Vretenar, E. Khan, and G. Colo`, Rep. Prog.
Phys. 70, 691 (2007).
[55] J. Meng and S. G. Zhou, J. Phys. G: Nucl. Part. Phys.
42, 093101 (2015).
[56] J. Meng, ed., Relativistic Density Functional for Nu-
clear Structure, International Review of Nuclear Physics,
Vol. 10 (World Scientific, Singapore, 2016).
[57] S. Typel and H. Wolter, Nucl. Phys. A 656, 331 (1999).
[58] D. Vretenar, W. Po¨schl, G. A. Lalazissis, and P. Ring,
Phys. Rev. C 57, R1060 (1998).
[59] B.-N. Lu, E.-G. Zhao, and S.-G. Zhou, Phys. Rev. C 84,
014328 (2011).
[60] K. Hagino and J. Yao, arXiv:1410.7531 (2014).
[61] T. T. Sun, E. Hiyama, H. Sagawa, H.-J. Schulze, and
J. Meng, Phys. Rev. C 94, 064319 (2016).
[62] N. Glendenning, Compact Stars. Nuclear Physics, Parti-
cle Physics, and General Relativity , 2nd ed., ISBN 978-
0-387-98977-8 (Springer-Verlag, Berlin, 2000).
[63] S. F. Ban, J. Li, S. Q. Zhang, H. Y. Jia, J. P. Sang, and
J. Meng, Phys. Rev. C 69, 045805 (2004).
[64] F. Weber, R. Negreiros, P. Rosenfield, and M. Stejner,
Prog. Part. Nucl. Phys. 59, 94 (2007).
[65] W. H. Long, B. Y. Sun, K. Hagino, and H. Sagawa,
Phys. Rev. C 85, 025806 (2012).
[66] T. T. Sun, B. Y. Sun, and J. Meng, Phys. Rev. C 86,
014305 (2012).
[67] S. Wang, H. F. Zhang, and J. M. Dong, Phys. Rev. C
90, 055801 (2014).
[68] A. Fedoseew and H. Lenske, Phys. Rev. C 91, 034307
(2015).
[69] Z.-F. Gao, N. Wang, H. Shan, X.-D. Li, and W. Wang,
Astrophys. J. 849, 19 (2017).
[70] W.-H. Long, J. Meng, N. V. Giai, and S.-G. Zhou, Phys.
Rev. C 69, 034319 (2004).
[71] Z.-X. Liu, C.-J. Xia, W.-L. Lu, Y.-X. Li, J. N. Hu, and
T.-T. Sun, Phys. Rev. C 98, 024316 (2018).
[72] H. Noumi, P. K. Saha, D. Abe, S. Ajimura, K. Aoki,
H. C. Bhang, T. Endo, Y. Fujii, T. Fukuda, H. C. Guo,
K. Imai, O. Hashimoto, H. Hotchi, E. H. Kim, J. H.
Kim, T. Kishimoto, A. Krutenkova, K. Maeda, T. Nagae,
M. Nakamura, H. Outa, M. Sekimoto, T. Saito, A. Sak-
aguchi, Y. Sato, R. Sawafta, Y. Shimizu, T. Takahashi,
L. Tang, H. Tamura, K. Tanida, T. Watanabe, H. H. Xia,
S. H. Zhou, L. H. Zhu, and X. F. Zhu, Phys. Rev. Lett.
89, 072301 (2002).
[73] H. Noumi, P. K. Saha, D. Abe, S. Ajimura, K. Aoki,
H. C. Bhang, T. Endo, Y. Fujii, T. Fukuda, H. C. Guo,
K. Imai, O. Hashimoto, H. Hotchi, E. H. Kim, J. H.
Kim, T. Kishimoto, A. Krutenkova, K. Maeda, T. Nagae,
M. Nakamura, H. Outa, M. Sekimoto, T. Saito, A. Sak-
aguchi, Y. Sato, R. Sawafta, Y. Shimizu, T. Takahashi,
L. Tang, H. Tamura, K. Tanida, T. Watanabe, H. H. Xia,
S. H. Zhou, L. H. Zhu, and X. F. Zhu, Phys. Rev. Lett.
90, 049902 (2003).
[74] P. K. Saha, H. Noumi, D. Abe, S. Ajimura, K. Aoki, H. C.
Bhang, K. Dobashi, T. Endo, Y. Fujii, T. Fukuda, H. C.
Guo, O. Hashimoto, H. Hotchi, K. Imai, E. H. Kim, J. H.
Kim, T. Kishimoto, A. Krutenkova, K. Maeda, T. Na-
gae, M. Nakamura, H. Outa, T. Saito, A. Sakaguchi,
Y. Sato, R. Sawafta, M. Sekimoto, Y. Shimizu, T. Taka-
hashi, H. Tamura, L. Tang, K. Tanida, T. Watanabe,
H. H. Xia, S. H. Zhou, X. F. Zhu, and L. H. Zhu, Phys.
Rev. C 70, 044613 (2004).
[75] M. Kohno, Y. Fujiwara, Y. Watanabe, K. Ogata, and
M. Kawai, Phys. Rev. C 74, 064613 (2006).
[76] T. Nagae, T. Miyachi, T. Fukuda, H. Outa, T. Tama-
gawa, J. Nakano, R. S. Hayano, H. Tamura, Y. Shimizu,
K. Kubota, R. E. Chrien, R. Sutter, A. Rusek, W. J.
Briscoe, R. Sawafta, E. V. Hungerford, A. Empl,
W. Naing, C. Neerman, K. Johnston, and M. Planinic,
Phys. Rev. Lett. 80, 1605 (1998).
[77] J. Schaffner and I. N. Mishustin, Phys. Rev. C 53, 1416
(1996).
[78] T. Miyatsu, M.-K. Cheoun, and K. Saito, Phys. Rev. C
88, 015802 (2013).
[79] Z. Li, G. Mao, Y. Zhuo, and W. Greiner, Phys. Rev. C
56, 1570 (1997).
[80] D. Kosov, C. Fuchs, B. Martemyanov, and A. Faessler,
Phys. Lett. B 421, 37 (1998).
[81] T. Schu¨rhoff, S. Schramm, and V. Dexheimer, Astro-
phys. J. 724, L74 (2010).
[82] J. E. Lynn, I. Tews, J. Carlson, S. Gandolfi, A. Gezerlis,
K. E. Schmidt, and A. Schwenk, Phys. Rev. Lett. 116,
062501 (2016).
[83] G. Hagen, G. R. Jansen, and T. Papenbrock, Phys. Rev.
Lett. 117, 172501 (2016).
[84] H. Hergert, S. K. Bogner, J. G. Lietz, T. D. Morris, S. J.
Novario, N. M. Parzuchowski, and F. Yuan, “In-medium
similarity renormalization group approach to the nuclear
many-body problem,” in An Advanced Course in Com-
putational Nuclear Physics: Bridging the Scales from
Quarks to Neutron Stars, edited by M. Hjorth-Jensen,
M. P. Lombardo, and U. van Kolck (Springer Interna-
tional Publishing, Cham, 2017) pp. 477–570.
[85] J. Simonis, S. R. Stroberg, K. Hebeler, J. D. Holt, and
A. Schwenk, Phys. Rev. C 96, 014303 (2017).
[86] J. W. Holt and N. Kaiser, Phys. Rev. C 95, 034326
(2017).
[87] U.-G. Meißner, Phys. Scr. 91, 033005 (2016).
[88] J. Hu, Y. Zhang, E. Epelbaum, U.-G. Meißner, and
J. Meng, Phys. Rev. C 96, 034307 (2017).
[89] X. Roca-Maza, X. Vin˜as, M. Centelles, P. Ring, and
P. Schuck, Phys. Rev. C 84, 054309 (2011).
[90] T. Damour and A. Nagar, Phys. Rev. D 80, 084035
(2009).
[91] T. Hinderer, B. D. Lackey, R. N. Lang, and J. S. Read,
Phys. Rev. D 81, 123016 (2010).
[92] S. Postnikov, M. Prakash, and J. M. Lattimer, Phys.
Rev. D 82, 024016 (2010).
[93] R. P. Feynman, N. Metropolis, and E. Teller, Phys. Rev.
75, 1561 (1949).
[94] G. Baym, C. Pethick, and P. Sutherland, Astrophys. J.
170, 299 (1971).
[95] J. W. Negele and D. Vautherin, Nucl. Phys. A 207, 298
(1973).
[96] M. Favata, Phys. Rev. Lett. 112, 101101 (2014).
[97] S. A. Bhat and D. Bandyopadhyay, arXiv: 1807.06437
(2018).
